accumulates in the cytoplasm instead. This accumula- ‡ Present address:
precursor cells is paralleled by, and could be a prerequiMerkel innervating and proprioceptive 1a neurons have exclusively been shown to depend on NT-3 in null musite for, their exit from the cell cycle and differentiation into neurons , 1996) . In this study, we have examined the early role of NT-3 for apoptosis Harrington et al., 1994; Klefstrom et al., 1994; Packham et al., 1996) . sensory precursor cells. We find a marked overexpression of G1 phase cell cycle proteins and nuclear N-myc Development of the nervous system requires a massive production of neurons and glial cells and the formaas well as G0-inducing proteins as a consequence of an absence of NT-3 in mice; in addition, we find an tion of a vast number of connections. In parallel to this construction are also regressive events (Kerr et al., 1987;  abnormal S phase reentry and elevated nuclear N-myc levels that are associated with their death and that can Kerr and Harmon, 1991), both by a remodeling and elimination of connections initially formed and by a widebe completely prevented in vivo by blocking the G1/S phase transition of the precursor cells. spread death of neurons during a restricted embryonic period occurring shortly after target innervation. In many instances, more than half of the neurons initially formed Results die by apoptosis. Neurotrophins have been shown to control programmed cell death in a target-derived fashLumbar DRG display a loss of close to 60% of the cells ion by being present in limiting amounts, such that only already at embryonic day (E) 12 as a consequence of the neurons that successfully compete for it survive, an absence of NT-3 in gene-targeted null mutant mice.
and the remaining die (Barde, 1989). Recently, it has
This loss is largely, or entirely, caused by a massive been found that neurotrophins may also play other roles increase in apoptosis in the ganglion, peaking at E11. affecting neuronal phenotype and axonal and dendritic Parallel to the increased apoptosis is an inverse correremodeling as well as synaptic plasticity (Lewin, 1996;  lated loss of BrdU incorporating precursor cells at these Lewin and Barde, 1996) . stages (ElShamy and Ernfors, 1996a, 1996b; Farinas et In addition to the above functions of neurotrophins, al., 1996). Because our aim in this study is to increase an early role of NT-3 during gangliogenesis has been the understanding of the early role of NT-3 for precursor suggested from tissue culture studies and in vivo expericells, we have focused the studies in NT-3 Ϫ/Ϫ mice on ments in the chick, the rat, and the mouse. Administrathe critical period around E11 and E12, which coincides tion of NT-3 at the time of ganglion formation in the with the stage at which more than half of the DRG neuchick leads to a reduced number of DRG and nodose rons are born in the mouse (Lawson and Biscoe, 1979). ganglion neurons that is accompanied by a reduction in the number of proliferating neuroblasts, showing that Nuclear Accumulation of N-myc Protein in DRG peripheral nervous system cells respond to NT-3 during Precursor Cells in the Absence of NT-3 early development in vivo and that NT-3 may cause a Because NT-3 has been shown in the chick to be imporcessation of proliferation (Ockel et al., 1996) . In agreetant for proliferating precursor cell differentiation, we ment with this, mRNA encoding the NT-3 receptor trkC considered the possibility that it plays similar roles in as well as the p75 neurotrophin receptor (p75 NTR ) is exmammals. An absence of NT-3 would in this case lead pressed in, and may be entirely limited to, proliferating to an altered regulation of gene products involved in precursors in the early quail DRG (Zhang et al., 1994b) . cell cycle progression/exit. We therefore examined exVery similar observations have been made in rodents pression of the pro-cell cycle progression transcription (Ernfors et al., 1992) . NT-3 null mutant (NT-3 Ϫ/Ϫ ) mice factor N-myc, which localizes from the nucleus to the display a marked increased cell death during gangliocytoplasm upon differentiation of the sensory neurons genesis accompanied by a reduction in the number of Ernfors, 1996a Ernfors, , 1996b . Furthermore, in concells in wild-type mice displayed exclusively cytotrast to the classical target-derived role of trophic facplasmic immunoreactivity for N-myc at E11 (Figures 1a, tors, during these stages, NT-3 seems to be provided 1b, and 3b). Although cytoplasmic N-myc staining was locally (ElShamy and Ernfors, 1996a; Farinas et al., 1996) . also present in E11 NT-3 Ϫ/Ϫ mice, in contrast to wildOther lines of evidence are also consistent with an early type mice, a large proportion of the cells in the mutant role of NT-3 for sensory precursor cells. More than half mice displayed a retained nuclear N-myc expression of the DRG neurons are absent in the postnatal NT- (Figures 1c and 3b) . With confocal microscopy, nuclear 3 Ϫ/Ϫ mice, and the degree of loss is similar in most N-myc-expressing cells containing as well as not concytochemical and functional subpopulations of neurons taining cytoplasmic N-myc were identified (Figure 1d ). (Ernfors et al., 1994) , indicating that NT-3 is required at It has been demonstrated in cultured nonneuronal physiological concentrations for sensory neurons prior cells that a persistent expression of Myc prevents differto phenotype diversification and target innervation. entiation and leads to either cell cycle reentry or cell Thus, in this case, a large proportion of the precursor death, depending on whether the cell is competent to cells would require NT-3 during neurogenesis, while at proliferate or not (Evan and Littlewood, 1993). It was later stages, a subset of terminally differentiated neutherefore of interest to directly address whether the cells rons with particular functions requires target-derived NT-3 for maintenance. In the latter classical role of NT-3, containing a persistent expression of nuclear N-myc Figures 3b-3d) . Thus, the elevated number of cells explayed nuclear N-myc staining (Figures 1d-1g and 5a) .
pressing the cell cycle proteins that are necessary and sufficient to control progression from G0 and G1 phases Overexpression of Cell Cycle-Related Proteins in the Absence of NT-3 to the S phase of the cell cycle suggests that an absence of NT-3 leads to an increased number of cells reentering The persistent expression of nuclear N-myc suggested an aberrant cell cycle control in the NT-3 Ϫ/Ϫ mice. We the cell cycle and indicates that under these conditions, neuronal precursors fail to exit the cell cycle and differtherefore examined the expression of a number of different proteins either activating cell cycle progression or entiate in a normal way. inhibiting it. Staining the E11 NT-3 Ϫ/Ϫ DRG revealed a massive increase in the number of cells expressing the Identity of the Dying NT-3-Dependent Cells at Early Stages cell cycle G0 and G1 phase inhibitory proteins p27 and statin compared with control DRG (Figures 2c-2f and The above findings suggested that the excessive cell death in NT-3 Ϫ/Ϫ mice during this period could be associ3b). Furthermore, following staining for the cell cycle G1 and G1/S phase regulatory proteins cyclin D3 (Figures ated with the failure of cell cycle control in these mice.
To examine this possibility, we double stained with the 2g and 2h), cyclin E (Figures 2i and 2j) , and proliferating , 1997), we tested whether we were able to were BrdU-positive) as compared with 1 hr (41% Ϯ 11%) (Figure 6 ). Thus, many cells initiating DNA replication in prevent the early elevated cell death caused by the absence of NT-3 using this G1 phase inhibitor. Analysis of S phase do not contain fragmented DNA and do not stain with the TUNEL technique. However, if the cells the E10 DRG showed negligible cell death in both wildtype and NT-3 Ϫ/Ϫ mice; furthermore, there was no signifiare allowed to incorporate BrdU, and TUNEL staining is measured 6 hr later, most TUNEL-positive cells are cant loss in cell numbers at this stage compared with wild-type mice. In contrast, there was marked increased BrdU-positive. These results indicate that many precursor cells overriding the G1 restriction point will ultimately cell death and a significant loss of cells in the NT-3 Ϫ/Ϫ mice at E11, compared with age-matched control mice die in the NT-3 Ϫ/Ϫ mice, but DNA fragmentation commences only after DNA replication has been initiated.
(data not shown). We therefore injected either saline or cept of the active suppression of Myc-driven death via BrdU Staining groups were genotyped and sectioned. TUNEL and N-myc staining were performed as described above. For analysis of proliferation, the cells that had incorporated BrdU were stained by immunohistochemistry as described previously (ElShamy and Ernfors, 1996a Ernfors, , 1996b Ernfors, , 1997 . Briefly, sections were postAcknowledgments fixed for 15 min in 4% PFA, washed in phosphate buffered saline (PBS), incubated in 2 M HCl in 70% ethanol at Ϫ20ЊC for 10 min, We thank Dr. Hjalmar Brismar (Karolinska Hospital) for generously and drained, and endogenous peroxidase activity was blocked in lending us his confocal microscopy as well as for his time analyzing 2% hydrogen peroxide in PBS for 5 min at room temperature and our material. We also thank Eugenia Wang for the generous gift of rinsed in PBS ( 
BrdU-processed sections of E11 wild-type or NT-3 Ϫ/Ϫ DRG in (d), (h), (l), and (p) were double stained with the TUNEL method (a-c, e-g, i-k, and m-o) as indicated. (a-d) Wild-type mice sacrificed 6 hr after a BrdU injection at a concentration of 100 mg/kg. (a) is BrdU staining, (b) is TUNEL staining of the same section, and (c) is a merged image of (a) and (b). Note a single double-stained cell in wild-type mice (pointed arrow). (e-h) NT-3 Ϫ/Ϫ mice sacrificed 6 hr after a BrdU injection at a concentration of 100 mg/kg. (e) is BrdU staining, (f) is TUNEL staining of the same section, and (g) is a merged image of (e) and (f). Note multiple double-stained cells (pointed arrows). (i-l) NT-3 Ϫ/Ϫ mice sacrificed 6 hr after a BrdU injection at a concentration of 50 mg/kg. (i) is BrdU staining, (j) is TUNEL staining of the same section, and (k) is a merged image of (i) and (j). Note multiple double-stained cells (pointed arrows). (m-p) NT-3 Ϫ/Ϫ mice sacrificed 1 hr after a BrdU injection at a concentration of 100 mg/kg. (m) is BrdU staining, (n) is TUNEL staining of the same section, and (o) is a merged figure of (m) and (n). Note multiple double-stained cells (pointed arrows). In all figures, BrdU

